Introduction
Many studies focused on the development of stable enzyme-immobilized membranes for use in biosensors and bioreactors. Efforts have been undertaken to improve the stability of enzyme membranes by increasing the long-term stability, stability at a high-temperature, 1,2 and pH stability. 3 The long-term stability of enzyme membranes is of main interest in these studies, because the results will help to extend the life of sensors and bioreactors. 4 It is known that the long-term stability of enzyme membranes is related to the stability of the matrix material and immobilized enzyme. Protein engineering technology could be used to improve enzyme stability, 5 by the substitution of some amino acid residues in the enzyme with genetic engineering. This method is effective in some cases, but it is difficult to determine which mutation improves enzyme stability. In this method, the mutation would differ for different enzymes, and the method does not guarantee success in improving the stability of all enzymes.
It is obvious that enzyme immobilization would help maintain enzyme stability for a longer duration. Although immobilized enzyme membranes have been developed, researchers are still trying to find materials for optimum immobilization matrices, such as inorganic materials and polymers. [6] [7] [8] Mainly, the methods are divided into 2 categories: covalent bonding and entrapping. While the possibility of loss of the immobilized enzyme exists, through leakage or dissolution, it is small for immobilization achieved by covalent bonding [9] [10] [11] and cross-linking, [12] [13] [14] [15] [16] [17] [18] [19] [20] and there remains fear of enzyme activity loss due to reagents used in the bonding reaction; there are means for prolonging the duration of enzyme stability, but the enzyme may be damaged during such immobilization processes.
In contrast, entrapment is a mild method, and the entrapped enzymes retain their activity. [21] [22] [23] [24] [25] [26] [27] However, even if enzymes are entrapped in a polymer matrix, there remains a fear of enzyme leakage from the matrix. 26, 27 This leakage would result in a loss of stability. To overcome this problem, a matrix with pore size smaller than the enzyme can be employed. We have reported that polyion complex membranes have small pore sizes, and the enzymes are stably entrapped in these membranes. [28] [29] [30] [31] [32] [33] [34] [35] [36] Polyion complex membranes swell when stored in aqueous solution for a long time. Moreover, large substrates, such as glucose and fructose, cannot penetrate these membranes; [28] [29] [30] [31] [32] [33] [34] [35] [36] hence, it is preferable to have enzyme membranes with pore sizes larger than that of polyion complex membranes.
Cellulose is the main component of the cell wall in wood; it can be found in the crystalline as well as non-crystalline form, and is insoluble in water and most organic solvents; the chemical and physical stability of cellulose is attributable to these properties. These are several solvents specific to cellulose, but it is difficult to exclude the adverse effect of the solvent used for biomolecule entrapment. Hence, chitin/chitosan has been used as the matrix instead of cellulose; the microstructure of the chitin/chitosan matrix is not the same as that of cellulose.
Recently, studies have focused on the investigation of ionic liquids; these are considered to be interesting solvents because of their high thermal stability, low vapor pressure, and high electric conductivity, and are used in several fields. For example, cellulose is soluble in a particular ionic liquid. Moreover, enzymes are known to be active in ionic liquids. [37] [38] [39] [40] [41] [42] Several ionic liquids are known to be dissolvable in water. On the basis of these properties, we prepared an enzyme/cellulose membrane layer for the base electrode, and showed that it would be a highly stable immobilized enzyme.
A novel method for preparing enzyme membranes was developed. The enzyme was attached onto the electrode surface by dropping the enzyme solution and allowing it to dry. Glucose oxidase was used for entrapment. Then, the electrode surface was coated with an ionic liquid containing cellulose, and the ionic liquid was removed by immersing the electrode into water. Enzyme activity was retained in the membrane; the enzyme electrode can be used for detecting glucose in the range of 10 μM to 1 mM, and the response time was ~10 s. The stability duration of the electrode was examined: the enzyme electrode could be used for glucose detection for 6 months. The membrane was observed by atomic force microscopy in the force modulation mode; crystalline and amorphous parts were intermingled. In conclusion, the cellulose membrane can be a suitable immobilization matrix for enzymes. 
Experimental

Materials
Glucose oxidase (GOD; 203 U/mg; EC 1.1.3.4; obtained from Aspergillus niger) and cellulose solution (5%) in 1-ethyl-3-methylimidazolium acetate were obtained from Aldrich (St. Louis, MO) and used as received. All other reagents used were of analytical reagent grade.
Preparation of cellulose-based enzyme membrane
GOD was dissolved in water at a concentration of 5 wt%, and 20 μl of the solution was dropped onto a glassy carbon electrode surface (disk, 3 mm in diameter; Bioanalytical Systems, West Lafayette, IN). The electrode was allowed to dry for 2 h. Then, 20 μl of cellulose solution in an ionic liquid was spread onto the enzyme electrode for coating. The whole electrode was immersed into water for 5 min to remove the ionic liquid, and was allowed to dry for 4 h.
Observation by atomic force microscopy
Atomic force microscopy (AFM) observation method was performed by modifying a previously described procedure. 35 Briefly, the observation was made using a Nanoscope IIIa controller with a multimode head (Vecco, Santa Barbara, CA) in the tapping mode. Silicon cantilevers with a nominal resonance frequency of 75 kHz, a force constant of 2.8 N/m, and a tip radius of <10 nm (PPP-FMR, Nano-Sensors, Schaffhausen, Switzerland) was used. The amplitude set point in the tapping mode was adjusted in the repulsive region to approximately 85% in order to minimize any tip damage and surface degradation.
A roughness measurement was performed using SPIP 4.2.5 (Image Metrology A/S, Lyngby, Denmark) on the basis of the AFM image (512 × 512 pixels). The image data were processed by a second-order polynomial plane correction, and then line-wide leveling was applied. After carrying out these two processes, the root mean square (rms) of the surface roughness (Srms) was calculated.
Measurement of current response
The electrode was immersed into a 0.1 M citrate buffer solution (pH 5.5, 15 ml) at a potential of 1.0 V vs. Ag/AgCl was applied to the base electrode. The current response to glucose was then measured by the addition of a glucose solution to the buffer solution. After the measurement, the electrode was kept in a refrigerator at 4 C.
Observation by force modulation microscopy
The force modulation microscopy (FMM) mode was used for analyzing the local mechanical property of the surface. [43] [44] [45] [46] The experimental conditions were the same as that on the AFM tapping mode. In this mode, the amplitude and phase signal were monitored simultaneously.
Results and Discussion
A cellulose-based enzyme membrane was prepared on a glass plate to observe the surface morphology by AFM. Figure 1 shows the AFM image surface of the GOD-entrapped cellulose membrane in the tapping mode (scan range, 100 × 100 μm). Hemispherical aggregates of approximately 30 -160 nm width and 5 -15 nm height were distributed across the surface with a root-mean-square roughness of 84 nm. Figure 1(b) shows a close-up AFM image of the membrane. The membrane has a globular structure and porous regions between the globes; however, the porous space was filled with a cellulose matrix from the data.
During elution of the ionic liquid into an aqueous solution, the solute cellulose was precipitated because of its solubility in water. Because GOD did not rapidly dissolve in the ionic liquid, most of the GOD was maintained in the cellulose membrane. During the process, the adhesion of cellulose to the electrode surface is important; since a glassy carbon electrode was suitable for preparing the modified electrode, a glassy carbon electrode was used in this study.
The cellulose-based enzyme membrane was used for the detection of glucose by applying +1.0 V vs. Ag/AgCl onto the base electrode to detect hydrogen peroxide produced by the enzyme. Figure 2 shows the current response to 0.05 mM glucose on a cellulose-based glucose oxidase membrane; immediately after the addition of glucose, the oxidative current increased, and reached a plateau within 10 s. No current response to glucose was observed in the absence of GOD. The current increase would be caused by the oxidation of hydrogen peroxide, which was produced from the enzyme reaction, i.e., the entrapped GOD retained its activity even after the cellulose-ionic liquid process, and remained active in the cellulose matrix.
The short response time (~10 s) would have been caused by well penetration through the membrane; in the case of polyion complex membranes, small molecules, such as hydrogen peroxide and lactate, can penetrate through the membrane; for these molecules the response time on the membrane would be short. [28] [29] [30] [31] [32] [33] [34] [35] [36] The effect the electrochemical interferants, such as L-ascorbate and acetoaminophene, on the response is a typical problem.
Since the cellulose membrane showed good penetration for small molecules, the signals from these interferants were large (signal ratio of the same concentration of interferants and glucose were determined to be 23 (L-ascorbate/glucose) and 20 (acetoaminophen/glucose)). For the rejection of these electrochemical interferants to penetrate the base electrode, covering with another membrane, such as polyion complex membrane, should be required for the cellulose membrane. On the other hand, enzymes immobilized in the cellulose membrane do not leave the membrane because the size of the enzymes would be larger than the pore size of the matrix. In the present work, the thickness of the cellulose membrane was not thin, because of the handling method for a high-viscosity ionic liquid. If a thin membrane could be obtained, some characteristic of the enzyme electrode would be improved; improving the preparation method is now in progress.
The response current was plotted against the glucose concentration (Fig. 3 ). The response current was proportional to the glucose concentration up to 1 mM. The lower detection limit (signal-to-noise ratio (S/N), 3) was 10 μM glucose. The electrode can be used as a glucose biosensor; the cellulose-based enzyme membrane is easy to prepare, and serves as a highly sensitive biosensor.
The long-term stability of the enzyme membrane was examined; the current response to 1 mM glucose on the proposed electrode was measured every day for 6 months (Fig. 4) . During this period, the response magnitude was almost the same as the initial value. At 6 months after preparation, the calibration curve appeared as it did under the initial condition, i.e., the apparent Michaelis constant did not change. The result showed that the kinetic profiles of the enzyme molecules had not changed during usage; this suggests that the enzyme molecule is not damaged during usage. Of course, the entrapped enzymes would not have been leached, because the response to 1 mM glucose has not decreased during the measurement. The enzymes did not leak because the pore of the cellulose matrix was smaller than the size of GOD. Thus, the pore size of the enzyme membrane matrix is important for increasing the enzyme stability. By comparing previous reports, it was found that the enzyme in the cellulose matrix was quite stable. For example, Mizutani et al. reported on the long-term stability of a polyion complex membrane containing GOD; 47 after 20 weeks of preparation, the response magnitude was reduced to the 50% of the initial value. In contrast, after 150 days of preparation, the magnitude of the current response on the present electrode was almost the same as the initial value.
Electrode fouling is an important problem for long-term use of enzyme electrodes. A preliminary experiment for the present electrode was performed; before and after immersion of the electrode into a 0.1 M citrate buffer solution (pH 5.5) containing 50 mg/ml bovine serum albumin for 24 h, the response of glucose on the electrode was measured. The difference of the 50 µM glucose 1 nA 5 s Fig. 2 Current response curve to 50 μM glucose on cellulose-based GOD membrane/electrode on the first day after preparation. Fig. 3 Calibration curve of glucose with a cellulose-based GOD membrane/electrode on the first day after preparation. response magnitude before and after immersion was not measured, and thus the fouling by the protein on the cellulose membrane was negligible.
A detailed observation of the membrane was performed by FMM. FMM can measure a sample's elastic property; the amplitude and phase of probe oscillation changed because of sample stiffness. A topographic image shows an undulated shape in Fig. 5(a) , and the FMM amplitude image (Fig. 5(b) ) and phase image (Fig. 5(c) ) show fibrous or whisker-like structures. This structure is similar in shape to a cellulose nano-crystal; 48 hence, this fibrous domain is mainly regarded as being crystalline-phase cellulose. In Fig. 5(b) , the amplitude value on the fibrous structure is higher than that on the surrounding region; i.e., the fibrous region is stiffer than the surroundings. Because the crystalline phase of cellulose is less elastic than the amorphous phase, it is likely that the fibrous region constitutes the crystalline part of the cellulose matrix. The amplitude and phase images (Figs. 5(b) and 5(c), respectively) exhibit essentially the same tendency (dark part in Fig. 5(b) and light part in Fig. 5(c) have the same tendency). Although there is no optimum model for depicting the dynamics of the tip-sample interaction when using quantitative phase-shift analysis, the images show the presence of crystalline and amorphous parts. Moreover, it is well known that the fibrous region forms a mesh-like structure. The structure would prevent leakage of an enzyme from a matrix; thus, the structure is the main factor that can influence stability.
Conclusions
A novel method for preparing enzyme membrane was developed. Cellulose containing ionic liquid was coated on the enzyme-attached electrode surface, and the electrode was immersed into water to remove the ionic liquid. Enzyme activity was retained in the membrane of the obtained modified electrode. The duration of stability of the enzyme electrode was lengthened to be at least 6 months. The microstructure of the matrix would have an effect on the duration of the stability of the enzyme electrode; observation by FMM revealed the fibril structure of the cellulose membrane. The unique structure of the matrix would protect the leakage of enzyme, and form a durable membrane for the enzyme activity.
The stable enzyme electrode can not only be applied to the biosensor system, but also to biofuel cell and bioreactor systems. Especially, it is an important factor for the biofuel cells used at this research stage; the immobilization method could be applied to these systems.
